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          ��������	
��
�	���� carbon nanotubes (CNTs) �� substrates ���
�� � 304 

stainless steel ��� glass slide ������  iron 
�� � catalyst ������	 spark ��� Fe 
�!�" 

form 
�� � catalytic dots / islands ������  4-6 kV applied voltages �����	
��
�	����  

CNTs �� gas mixture #"� 10 ml/s Ar ��� 0.1 ml/s C2H2 ���"$%�&'*+ 700 - 900 K 
�� �


��� 300 s ���,5�8� effect #"� oxide ��� gold sputtering :;"��	
:+��:#"� CNTs 

�"�<���� =������
��
�	���� CNTs �	!" multi-wall carbon nanotubes (MWNTs) �� Fe2O3 

painted copper sheets ��� NiO powder �����	 decomposition #"� ethanol ��� high 

temperatures ���;� electrical resistivity *��;�
�+�*#5 =�:�* ID/IG ratio ���
�+�*#5 =� 
���	�� 

catalyst-free substrates ���
��
�	���� carbon nanorods (CNRs) �� filaments #"�

��"��>>� ��� 10 ml/s Ar ���?
*���� 0.1 ��� 0.2 ml/s C2H2 ��� 900 K ���;� field 

emission #"� CNRs *����*
"����"����
*��	 Fowler-Nordheim <���� =���

���8%�
@���#"� product 
��;��� =������  AFM, SEM, EDX, TEM, XRD, TGA ��� 

Raman analyzers 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 

 

          Carbon nanotubes (CNTs) were grown on 304 stainless steel and glass slide 

substrates using iron as a catalyst. Iron wire was sparked to form catalytic dots / 

islands using 4-6 kV applied voltages. The CNTs were grown in a gas mixture of 10 

ml/s Ar and 0.1 ml/s C2H2 at a temperature range 700 - 900 K for 300 s. The effects 

of oxide and gold sputtering on their growth were studied. In addition, the CNTs or 

multi-wall carbon nanotubes (MWNTs) were synthesized on Fe2O3 painted copper 

sheets and NiO powder by the catalytic decomposition of ethanol at high 

temperatures. The electrical resistivity was increased with the increase of the ID/IG 

ratio. For catalyst-free substrates, carbon nanorods (CNRs) were grown on the 

filaments of light bulbs in 10 ml/s Ar containing 0.1 and 0.2 ml/s C2H2 at 900 K. Field 

emission of the CNRs is in accord with the Fowler-Nordheim equation. The 

products were analyzed using AFM, SEM, EDX, TEM, XRD, TGA and Raman 

analyzers to determine their characteristics.  
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          ���:� =��:;��	�����  carbon nanotubes (CNTs) ���*���	,5�8� CNTs ���"�;��

�����#��� �������	���;� CNTs *�
*��:+����;�
��<*�� 
�;�
�*�	J��������
�� � 

nanotip 
���	�� scanning tunnelling microscrope (STM) [1] , electron sources of 

ultra-high luminescence light-source device [2], interconnection of 

nanostructures [3], household light bulbs [4], nanoelectronics [5], flat panel 

displays [6], nanofilaments and nanobeads [7], single - walled carbon nanotube 

(SWNT) buckypaper / epoxy resin matrix nanocomposites [8] ���"!�� Q  "�<���

��	
��
�	���� CNTs ��������+U� 
�;� chemical vapor deposition (CVD) [9-11], 

graphite arc-discharge [12], electrophoresis [13], laser pulse power [14] ��� 

hydrothermal [15,16] ��� CVD 
�� ��+U�����+�*�������	
��
�	���� CNTs ���*�� ���

���  Fe, Co ��� Ni 
�� � catalyst ���	������	 [10] Y5��<�����������

	+*��	 

decomposition #"� carbon precursors, ��	 diffusion #"� carbon atoms, ��	

���
�+� metastable carbides and graphitic sheets ��� "!�� Q [10] ����	�+<���� = <�

�����	,5�8���	
��
�	���� CNTs �� substrates ��+�:;�� Q �� =�����������*;:�"����  

catalysts &���:�
�!�"��#:;�� Q ���"$%�&'*+
'� :�"�<��+
�	������������8%�
@���

#"� CNTs ���
��
�	��������� =  
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����$��� 3

 

          �����	���  substrates ���
�� � 304 stainless steel ��� polish ���� 0.1 �m 

alumina ��� glass slides �;"����"�������*
�"������ alcohol �����	 deposition 


�	 catalysts �����	���  applied voltage ���;�� 4 - 6 kV �����	 spark ������� Fe 

���*�

��?;�,'������� 0.5 mm 
�!�"���
�+�
�� � Fe dots / islands �� substrates ����
��

��	'���� 1  

 

 

	'���� 1. ��	 spark ��� Fe 
��!" substrate 

 

������������  tungsten <���
���"��>>� � (12 V, 21 W) 
�� � substrate �����	 etch 

���� 48 % HF 
�� �
��� 5 s ���������� =���������:����������� ambient atmosphere 

(�	%��� =�*;:�"����  catalyst �;������	
�+��\+�+	+�� �:; etch 
�!�"���*� defect 
�+�#5 =���

?+�#"� tungsten filaments) 

          ��� substrates �����;���� =���#���� high temperature reaction chamber ���

��;"���,""����� Ar <���� =� heat 
�	:��"�;���� dynamic atmosphere #"� 10 ml/s 

Ar <��	��������"$%�&'*+:�*:�"���	<5�?
*���� 0.1 ml/s C2H2 ���
�+���	
��
�	���� 

CNTs 
�� �
��� 300 s (
���	���	%�#"� tungsten filaments ������  0.2 ml/s C2H2 ����) 

<���� =�<5���;"���� substrates 
�����
';"$%�&'*+��"��� flowing Ar  
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          �"�<���� =�����������	
��
�	���� CNTs �	!" multi-wall carbon nanotubes 

(MWNTs) ������ ethanol 
�+���	 decomposition 
��!" powders #"� iron oxide 

��� nickel oxide Y5������������
�� � catalysts ����  

          ���	%�#"� iron oxide catalyst ������#"�?
*#"� iron oxide ��� ethanol �� 

paint �� 60 x 170 mm2 copper sheets <���� =�*����:;�� sheet ���
"�
#������ 

tube furnace ����
����	'���� 2 

 
 

	'���� 2 �?�&���
����	
��
�	���� CNTs ������  iron oxide 
�� � catalyst 

 

�����	 heat 
�	:��"�;���� flowing argon <��	�����"$%�&'*+
�� � 650 oC <���� =�

��;"���� argon ���?;�� ethanol ����"�:	� 10 ml/s 
�� �
��� 3 ��� 6 h <5���;"���� 

copper sheet 
�����
';"$%�&'*+��"����		����, argon ����<���� =� treat 
�	:��"�;��

���� HCl (1 M) <�*� product 
����
�+�#5 =��� copper sheet   

          ���	%�#"� nickel oxide catalyst ��������	
��
�	���� CNTs �	!" multi-wall 

carbon nanotubes (MWNTs) ������ 0.2 ml/min ethanol 
�+���	 decomposition ��� 

700 oC 
�� �
��� 1-18 h 
��!" 0.5 g nickel oxide powder ����?�&���
����	

���"���	'���� 3 
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	'���� 3. �?�&���
����	
��
�	���� CNTs ������  nickel oxide 
�� � catalyst 

 

          ���
�	:��"�;��������
��;��� =�� analyze ���� x-ray diffractometer (XRD), 

scanning electron microscope (SEM), energy dispersive x-ray (EDX) analyzer, 

transmission electron microscope (TEM), atomic force microscope (AFM), 

thermogravimetric analyzer (TGA) ��� Raman spectrometer 
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/��$�����������(����"�/��$��� 

 

Stainless Steel Substrates 

 

Fe-deposited dots 

 

          �����	���  applied voltage 
�;���� 6 kV �����	 spark ���� Fe �� stainless 

steel (SS) substrates ������?�#"� AFM patterns ����
����	'���� 4 ����	���"��� =

���;�*� Fe-deposited dots 
�+�#5 =� �����	 deposition ���
�+�#5 =��� =*����8%�
�� ���� 

irregular patterns ���! =���� 1 �m x 1 �m #"� substrates �;� root mean square 

(RMS), mean roughness ��� maximum height 
���	����	 spark ����<������	� =�

:;�� Q �������
�������:�	����� 1 Y5���
���;��;�
��;��� =*���	
�+�*#5 =�:�*��	
�+�*#5 =�#"�

<������	� =�����	 spark �������	� =� dot 
��;��� ="�< slide ���� substrate 
�!�"�<�� 

sparking force ����
����	'���� 5 ��� dot ���
�+��	� =�����"�< collide ��� dot ���
�+��	� =�

�;"����
�!�"*:+������� ������ dot *����8%� irregular ���
�;���� 
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(�) 

 

 

 

 
 

(#) 
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(�) 

 

 

 

 
 

(�) 

	'���� 4. AFM patterns #"� Fe-deposited dots �� 1 �m x 1 �m stainless steel 

substrates �����	 spark ���� applied voltage 
�;���� 6 kV 
�� �<����� (�-�) 1, 2, 

10 ��� 100 �	� =� :�*������  
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:�	����� 1. �;� RMS, mean roughness ��� maximum height ���! =���� 1 �m x 1 �m 

�����������	 spark ����<������	� =�:;�� Q ��� 

 

Sparking  

number 

RMS 

values 

(nm) 

Mean 

roughness  

(nm) 

Maximum 

height 

(nm) 

1 3.695 2.639 36.330 

2 3.714 2.687 47.313 

10 14.572 11.530 120.23 

100 30.987 24.616 222.33 

 

 

 

 
 

 

	'���� 5. SEM image #"� Fe deposited dots �� substrate ��� spark ���� applied 

voltage 
�;���� 6 kV 
�� �<����� 100 �	� =�  
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          �����	���  applied voltage 
�;���� 4, 5 ��� 6 kV ��������	 spark ��� Fe �� 

SS substrates <����� 10 �	� =� ������
�+���	 section analysis 
�� �	������ 1 �m 

����
����	'���� 6 ���;� patterns ������*����8%�
�� ���� irregular ��� RMS ��� 

applied voltage 
�;���� 4, 5 ��� 6 kV *��;�
�� � 11.038, 12.169 ��� 13.687 nm 

:�*������ �
���;��;�
��;��� =*����*";"����:;" applied voltage ������  �"�<���� =���

���;� height #"� dots *���	
�+�*#5 =�:�* applied voltage 
�;�
�������<������	� =���

��	 spark 
�;���� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	'���� 6. Section analysis #"� substrates ���
�+�<����	 spark ��� Fe ������  applied 

voltages 
�;���� 4, 5 ��� 6 kV 
�� �<����� 10 �	� =� 
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���

�(����"� CNTs 

 

          ���"�
��
�	����  CNTs �� SS substrate ���*+���*���	 deposition ������� Fe 

���! =�?+���� 900 K �	��\�;��*;*� CNTs 
�+�#5 =� �
���;��*;
�*�	J
��
�	����  CNTs 

�� SS substrate ����*;*� catalyst ��� <5������� Fe filament �� spark �� substrates 

������
�+���	
��
�	���� CNTs ���"$%�&'*+
'� ���?�#"� SEM images ��	'���� 7 ��� 

CNTs *���	
:+��:���$��+,��� *�	'�	;�����#�������:�:;����� �*��;�"$%�&'*+<�:���J5

 700 K �����*� CNTs 
�+�#5 =��������
�����"� <������	� =�����	 spark "�<�*;*������

:;"��	
:+��:#"� CNTs 
*!�"
�	���
�������	���;��"$%�&'*+����	
��
�	���� CNTs ��� 

700 K ��� 900 K �	%��	� CNTs *�#���
� =���;��	%����� maximum growth rate ��� 

700 K ��� 900 K *��;����������
�� � 6.2 ��� 16 nm/s ������;� growth rate *����*

";"����:;""$%�&'*+����������	
��
�	����*�� ���"$%�&'*+�� Q *��� =� CNTs ���*�#���
� =�

�������
���;�*���	���
�+�#"� CNTs ����*;�	� "*���  

 

 

 
 

(�) 
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(#) 

 

 

 

 
 

(�) 

 

	'���� 7. SEM images #"� CNTs 
���	��<������	� =�����	 spark ��� "$%�&'*+����	


��
�	����:;�� Q ��� (�) 1 �	� =� / 700 K, (#) 10 �	� =� / 700 K ��� (�) 10 �	� =� / 900 K 
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�
�3��(�*��-�� CNT 

 

          ������ CNTs ���
��
�	������� 900 K �
;���� beaker ���*� deionized water 
������� 

ultrasonic vibration ������ CNT-dispersed water �� copper grid �+ =���������� 

ambient atmosphere ���?���	���"�#"� TEM image ��� selected area electron 

diffraction (SAED) pattern ����
����	'���� 8 ����	���"��� =���;� surface #"� CNT 

*����8%����
�� ���� irregular Y5���
��J5����*�*; perfect #"� CNT ���
�+�#5 =� ��;���!"

�	��"����� defects ��� disordering atoms �"�<���� =������;� thickness #"�?��� 

CNT *��;��	�*�% 16 nm ��� SAED pattern �	��"���������* 4 ��Y�"�������


"����"����	���� (002), (101), (004) ��� (112) ���	���� (002) *� intensity 
'�

���
$� 
*!�"
�	���
������� JCPDS software [17] <�
"����"���� carbon (hexagonal 

structure) ���
�!�"�<�� diffraction rings *����8%� diffuse �
���;� CNT 

�	��"����� defects ��� disordering atoms 
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(�) 

 

 

 
 

(#) 

 

	'���� 8. (�) TEM image ��� (#) SAED pattern #"� CNT ���
��
�	������� 900 K 
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Glass Slide Substrates 

 

/�-�� catalyst 

 

          ����?;� glass slide ����������	���"����+
�	�������� EDX ���;��	��"����� 

Na, Mg, Al, Si, Ca ��� O �����:�	����� 2 �
���;��?;� slide �� =�	��"����� oxide 

#"����������;���� =  

 

 

:�	����� 2. EDX analysis (K line) #"� glass slide 

 

Element wt % at % 

O K 

Na K 

Mg K 

Al K 

Si K 

Ca K 

47.68 

8.72 

2.70 

0.29 

35.42 

5.19 

61.17 

7.78 

2.28 

0.22 

25.89 

2.66 

Total 100.00 100.00 

 

          ���"����  glass slide 
�� � substrate ��������	
��
�	����  CNTs ��� 900 K 

�	��\�;��*;*� CNTs 
�+�#5 =� �
���;��*;
�*�	J
��
�	���� CNTs �� glass slide ���

�*;*� catalyst ��� <5������� Fe filament �� spark �� glass slides �����	 spark 
�� �

<����� 1, 2, 10 ��� 100 �	� =� 
�!�"���
�+�
�� � catalytic dots ���
*!�" spark <�
�+� 

dots �	�<�����$��+,��� *�#�������:�*	���������
�+�*#5 =� ���*�<����� dots 
�+�*

*��#5 =�:�*��	
�+�*#5 =�#"�<������	� =�����	 spark "�;���	��:�* "�<*� dots ��*; 

collide ��� dots ���
�+�#5 =��;"������� dots �� =�
"�
�!�"*:+������� <���� =����
�+���	


��
�	���� CNTs ��� 900 K ���?�#"� SEM images ��	'���� 9 ���<����;� <������	� =�
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(�) 

 

 

 

 

 
 

 

(#) 
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(�) 

 

 

 

 
 

(�) 

 

	'���� 9. Fe-deposited dots ���*� CNTs 
:+��:��� 900 K �� dots ��� spark 
�� �<����� 

(�-�) 1, 2, 10 ��� 100 �	� =� :�*������ 
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/�-���!�"#���  

 

          ������  glass slides ��������	 spark <����� 100 �	� =� ��������
��
�	���� CNTs 

���"$%�&'*+ 700, 750, 800, 850 ��� 900 K 
�!�"<���"$%�&'*+:���
$����
�*�	


��
�	���� CNTs ���
�� �?�
��
	�< ������?�#"� SEM images ����
����	'���� 10 ��� 

700 K *� CNTs 
	+�*
:+��:�� dot ���
@������ dot ���*�#���
�;�����	!"�� ;̀��;� 1 

�m 
���	����� 750 K *� CNTs 
�+�#5 =�"�;�����
<� �:;*�#����;"�#���
� =� CNTs ���


��
�	������ =*�#������#5 =�
*!�""$%�&'*+
'�#5 =� ����:;��"$%�&'*+ CNTs *�#������

���������� =�
� =�������?
*��� ���*� growth rate #"� CNTs *��;�
�+�*#5 =�:�*��	


�+�*#5 =�#"�"$%�&'*+��	
��
�	���� ���*��;�
'�
$�
�� � 2.14 x 10-2 �m/s ��� 900 K 

 

 

 

 

 
 

(�) 
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(#) 

 

 

 

 
 

(�) 
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(�) 

 

 

 

 
 

(<) 

 

	'���� 10. SEM images #"� CNTs �����'��� Fe-deposited dots ��� (�-<) 700, 750, 

800, 850 ��� 900 K :�*������ 
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/�-�� oxide 

 

          ���,5�8�?�#"� oxide ���
��!"��� dots ���������<� spark ���
��
�	���� 

CNTs �����
�*!"������	���"�#������� = ��������	 spark ��� Fe �� glass slides 


�� �<����� 100 �	� =������;"����*���	
�+� oxide �� dots &���:�
�!�"��#:;�� Q �;"�

��	
��
�	���� CNTs ��� 900 K ������?���	���"�����
����	'���� 11  
*!�"


�	���
������� CNTs �����'�����<����	 spark ��������"$%�&'*+
������� (	'���� 10 <) 

���;� oxide ���
��!"��� dots �
�������
����
�����"�:;"��	
:+��:#"� CNTs  
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(�) 

 

 

 
 

(#) 

 

	'���� 11. CNTs ���
��
�	������� 900 K �� Fe-deposited dots (�) 
��
�	��������<�� 

spark ���� 1 
������ (#) 
��
�	��������<�� spark ����+ =����  24 h �� alcohol  
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Au-sputtered substrate  

 

          �����	 spark ��� Fe �� Au-sputtered glass slide ������
�+���	
��
�	���� 

CNTs ��� 900 K ���?�#"� SEM image ��	'���� 12 ���;�
�*�	J
��
�	���� CNTs ���


�;���� 

 

 

 

 
 

	'���� 12. SEM image #"� CNTs ���
��
�	������ Au-sputtered slide 1
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�
�3��(�*��-�� CNT 

 

          ������ CNTs ���
��
�	������� 900 K �
;���� beaker ���*� deionized water 
������� 

ultrasonic vibration ������ CNT-dispersed water �� copper grid �+ =���������� 

ambient atmosphere ���?����"�#"� TEM ��� SAED �����	'���� 13 ���;� surface 

#"� CNT *����8%����
�� ���� irregular Y5���
��J5����*�*; perfect #"� CNT ���


�+�#5 =� ��;���!"�	��"����� defects ��� disordering atoms "�:	�
;��#"� 

diameter : thickness #"� CNT *��;�
�� � 8 : 1 ��� SAED pattern �	��"�����

����* 4 ��Y�"�������
"����"����	���� , ,  ��� 

���	�������*� intensity 
'����
$�
�� � 
*!�"
�	���
������� JCPDS software 

[17] <�
"����"���� carbon (hexagonal structure) ���
�!�"�<�� diffraction rings *�

���8%� diffuse �
���;� CNT �	��"����� disordering atoms  

)0002( )1110( )0004( )0211(

)0002(
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(�) 

 

 
(#) 

	'���� 13. (�) TEM image ��� (#) SAED pattern #"� CNT ���
��
�	������� 900 K 
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Tungsten Filament Substrates 

 

SEM ��� EDX 

 

          ��������	,5�8� SEM ��� EDX �� filament �� =��;"����������	
��
�	���� 

carbon nanorods (CNRs) ��� 900 K ������?���	���"�����
����	'���� 14 ��� 15 

�;"���	���"� substrate *����8%�
�� � wavy surface ��� :	�<���;�*� tungsten 


�� �
;���	��"� ������	���"����;� maximum growth rate #"� CNRs *��;�
�+�*#5 =�

��5�� order of magnitude 
*!�" acetylene flow rate 
�+�*#5 =�<�� 0.1 ��
�� � 0.2 ml/s ��

��	���"��� =*� CNRs 
:+��:���+,���:;�� Q *�#���

��?;�,'��������*;
�+� 100 nm 

���*����*���J5� 3,600 nm 
;��	'�	;��#"� CNRs *��� =����*����8%�:	���������" ��	

���
�+� CNRs 
�� ���� root growth mechanism ���*����8%� locally selective ���

��	�+
�	�������� EDX point analysis ���;� CNRs �	��"����� carbon ���*� oxygen 

��� tungsten ?
*"�';����
�����"� ��	���;����	
��
�	���� CNRs 
�� ��������� oxygen 

"�<*�<�� impurity ���?
*"�';�� argon �	!" oxygen "�<���
��!""�';�� chamber ��

	���;����	 preheat 
�	:��"�;�� �	!" oxygen "�<
�+�*�<����	 reduction #"� 

chamber Y5��������� high alumina porcelain ��� hydrogen <�� acetylene  

          ��	���;����	,5�8� EDX point analysis #���#"� electron beam Y5���� ;̀��;�

#���#"� CNR <5�������:	�<�� oxygen ��� tungsten ���� ���U�:$�� =�
"��� ="�<

�����:��
�� � tungsten oxide ���<�� vapor-liquid-solid mechanism �;�<�
�� ��������� 

tungsten sub-oxide ���
�� � liquid-solid seeds ����������
�� � catalytic particles [18] 

������8%�
@��� impurity ��� selective growth #"� CNRs <�*������:;"��	

�����;"� electrons #"� tungsten filaments ����  
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(�) 

 

 

 

 
 

(#) 

 

	'���� 14. (�) SEM image ��� (#) EDX spectrum #"� tungsten filament �;"���	

���"���� high temperature 
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(�) 

 

 

 

 

 
 

(#) 
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(�) 

 

	'���� 15. SEM images #"� CNRs �����'��� flowing Ar ���?
*���� (�) 0.1 ml/s C2H2, 

(#) 0.2 ml/s C2H2 ��� (�) EDX spectrum #"� CNR �����'��� Ar-0.2 ml/s C2H2 

 

 

Field emission 

 

          ��������	��� emission current (I) ���
�+�<����	 applied voltage (V) 	���;�� 

copper anode (3.14 cm2 ) ��� CNR cathode ����;����� 2.0 mm ��
'̀ `���,���*�

���*��� 10-6 torr ���;� field emission curves ��� ���*
�*���U�	���;�� ln (I/V2) 

��� (1/V) *����8%�����
����	'���� 16 ��;���!" applied voltage - emission current 

*����8%�
�� ���	 emission #"� electrons <�� CNR cathode ?;��  vacuum ����� 

copper anode ���*
�*���U�	���;�� ln (I/V2) ��� (1/V) *����*
"����"����
*��	

#"� Fowler-Nordheim [19-23] <���	�>�
���;� emission current J'����*�$*��� 

acetylene flow rate  <�����#"� CNRs/�! =����?+� ���8%�
@���#"� CNRs ���"!�� Q 

��� electrons "�< emit <�� tips #"� CNRs ��� wavy surface #"� tungsten 

filament ����� =��� =#5 =�"�';��� work function �;� conductivity ���* perfect #"� CNRs 

���"!�� Q ��	 emit #"� current <�
�+�*#5 =�:�*��	
�+�*#5 =�#"� applied voltage ��� 50 V 

(electric field intensity = 0.025 V/�m) <���� least emission current 
���	�� 0.1 

��� 0.2 ml/s C2H2 *��;�
�;���� 0.3 ��� 0.2 �A :�*������ ����	���"��� =��������	

��� field emission #"� CNRs ���
��
�	������ tungsten filament #"���"��>>� ����
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(#) 

	'���� 16. (�) Field-emission curves ��� (#) Fowler-Nordheim plots #"� CNRs ���


��
�	������� 900 K �� Ar - 0.1 ��� 0.2 ml/s C2H2 
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SAED ��� TEM 

 

          ������ CNRs ���
��
�	������� 900 K �
;���� beaker ���*� deionized water 
������� 

ultrasonic vibration ������ CNR-dispersed water �� copper grid �+ =���������� 

ambient atmosphere ���?��+
�	����#"� SAED pattern ��� TEM image ����
����

	'���� 17 <����	,5�8� SAED pattern [24] ���;�*����*
"����"����	���� , 

, ,  ���  ����	��\
�� ���	<��:����� hexagonal #"� 

carbon atoms ���*� diffracting spot ���"�';���
$�
"����"����	����  *$*���

�����%���	���;��
"� directions �� Q *����*
"����"���� diffraction pattern ���

�	��\�� film ����;� d-spacing �����<�� *����*
"����"����������<�� 

pattern �� film �"�<��	����  ��� ����	���"��� = electron beam 

"�<�*;:� =�@����� graphite plane "�;�����<	+� ������
�+�
�� � asymmetric diffraction 

pattern ��������"���;�  zone axis "�';���+,  Y5��*����*#�������	!"
�!"�<�

#������ electron beam 

)102(

)201( )011( )101( )210(

)411(

)hkl(

)011( )101(

]122[

          TEM image �
�����
���
�� ��J� dark ��� light ����*;*� hole &���� �J��� =�


"��� =�;�<�
�� � rods ���*�

��?;�,'������� 18 ��� 43 nm �	!" 
�� � rods ���*�



��?;�,'������� 26 ��� 35 nm Y�"������� ���?+��"�#"� rods *����8%�����*;


*���

*"�
���;� carbon nanorod �� =�*; perfect  
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(�) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(#) 

	'���� 17. (�) SAED pattern #"� CNR ���
��
�	������ Ar-0.2 ml/s C2H2 ��� (#) TEM 

image #"� CNRs ���
��
�	������ Ar- 0.1 ml/s C2H2  
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���

�(����"� CNTs �$��'1 Iron Oxide (�) � Catalyst 

 

TEM 

 

          TEM image #"� product ���
:	��*������ ethanol vapor ���?
*��� argon 
�+�

��	 decomposition 
��!" ball-milled Fe2O3 powder ��� 650 oC *����8%�����
����

	'���� 18 ���;� CNT 
�� ���� multi-walls �� =�?+��"����?+���*����8%� rough 


�!�"�<����	*� oxygen ��� water vapor <����	 decomposition #"� ethanol  ��� 

product �������� =*� disordering atoms ����
�;���� ��������� roughness 
�� � surface 

property ���

	+* mechanical interlocking 	���;�� CNTs ��� matrix �� reinforced 

composites  

 

 
 

	'���� 18. TEM image #"� product (as-grown) ���
��
�	���������� ethanolic vapor 

��� argon ?;������ Fe2O3 (ball-milled) ��� 650 oC 
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SEM ��� EDX 

 

          ����	���"��� =:	�<���;�*� catalytic particles ��������
����������'�,	��	'���� 

19 Y5��
�� ���	���
�+�#"� tip-growth mode 

��?;�,'�������#"� CNTs "�';���;�� 30-

50 nm �"�<���� =�����������	
��
�	����������  as-received Fe2O3 powder ����
�;���� 

(�*;����
��?����"�) ���*�

��?;�,'�������#"� CNTs "�';���;�� 100-300 nm ��� 

ball-milling ������
�+� stress ��� crack �� Fe2O3 powder Y5��<�����������
�� � nano-

sized catalyst ���*������:;"#���#"� CNTs �"�<���� =�������
���	+*�%#"� 

CNTs ���
��
�	������� single batch ����� beaker ���� ��	�+
�	�������� EDX �
���;� 

% at #"� carbon, oxygen ��� iron *��;�
�� � 97, 2.5 ��� 0.5 :�*������  

 

 
 

	'���� 19. SEM image #"� product (as-grown) ��� 80 ml CNTs ���
��
�	������� 

single batch 
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XRD 

 

          XRD spectra #"� products (as-grown ��� purified) ����
�������	'���� 20 

<����	:	�<
"� peaks ���;�*����*
"����"���� CNTs, �-Fe ��� Fe3C �
���;� 

Fe2O3 ����\+�+	+����� ethanol 
�+�
�� � Fe ��� Fe3C ���<�
��
�:$�;� strongest peak 

#"� CNTs 
�+���� 26.2 deg Y5��
�� ���	 diffraction #"� x-ray <��	���� (002) #"�

?�5� 
*!�"
�	���
�������	���;�� products 
"���+��!" as-grown ��� purified ���;� 

XRD intensity #"� purified product *��;�
'����
$� ��	:	�<�� �-Fe ��� Fe3C <�� 

XRD spectra �� =*����*
"����"����?�#"� SEM image ����
�� catalytic particles ��� 

tips #"� CNTs 
+��
��;��� =�
���;� CNTs 
:+��:�����	 decomposition #"� Fe3C 
�� � 

Fe ��� graphite 
�;���� [17]  

 

 
 

	'���� 20. XRD spectra #"� products (as-grown ��� purified) ���;��
�����	


��
�	����:;�� Q  
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�����(����"� Raman  

 

          Raman spectrum #"� CNTs (as-grown) Y5�� analyze ������  488 nm 

excitation wavelength ����
�������	'���� 21 ������:	�<�� D- ��� G-bands 
�+�#5 =�

��� 1,344 ��� 1,572 cm-1 :�*������ ��� intensity #"� peaks �� =�
"��� =*��;�����
����

���*��
�!�"�<��?�#"� surface roughness ��� amorphous phase �� product  

 

 
 

	'���� 21. Raman spectrum #"� CNTs (as-grown) 

 

 

TGA 

 

          TGA curves #"� CNTs �	!" MWNTs ���
��
�	����������  Fe2O3 [as-received 

(A) ��� ball-milled (B)] powder ����
����	'���� 22 ��� curves 
���	�� A-CNTs ��� 

B-CNTs �
�� weight loss ���;��"$%�&'*+ 497-953 oC ��� 497-741 oC :�*������ 


�!�"�<����	 evaporation #"� carbon �
���;� A-CNTs *�#����� ;̀��;� B-CNTs 

����� =� oxidation �	!" evaporation rate 
���	�� A-CNTs <5���"���;�
���	�� B-CNTs ���
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	'���� 22. TGA curves #"� CNTs �	!" MWNTs ���
��
�	������ Fe2O3 (as-received 

��� ball-milled) powders 

 

Carbon yield 

 

          ��������%�� carbon yield 
���	�� B-CNTs ���
��
�	��������� 1.0 g ball-

milled Fe2O3 ������
*��	 

 

Carbon yield (wt %) = [WCNTs / WC] � 100 

 


*!�" WCNTs = weight #"� CNTs (as-grown) �*;	�* weight #"� catalyst 

��� WC    = approximate weight #"� catalyst 
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������?�����
����	'���� 23 ���<����;� carbon yield *��;�
�+�*#5 =�<�J5�<$� 

maximum 
�;���� 354 wt % (3.18 g as-grown CNTs) ���
�����	
��
�	����
�;���� 6 h 

�;� optimum yield �� =*����*
"����"������� maximum XRD intensity #"� purified 

CNTs ��� 6 h 
�;���� ���
�����	
��
�	���������;��� = carbon yield <��;"� Q ����


�!�"�<����	����#"� catalytic activity  

 

 
 

	'���� 23. Carbon yield ���
�����	
��
�	����:;�� Q 
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���

�(����"� MWNTs �$��'1 Nickel Oxide (�) � Catalyst 

 

 

Phase ��� morphology 

 

          	'���� 24  �
�� SEM image #"� MWNTs (as-grown) ���*�

��?;�,'������� 20-

50 nm ���*����*���*����;� 10,000 nm ����;�
��
�:$�!"*� bright contrast 
�+�#5 =����

���:�����;�Y5��
�� � Ni catalyst <����	,5�8� XRD spectra #"� MWNTs ����
����

	'���� 25 ���;� peak ������� 26.2 deg 
"����"���� carbon 
;�� peaks �;"���� 44.5, 

51.8 ��� 76.4 deg *����*
"����"���� FCC structure #"� Ni catalyst �
�����
���

J5����*
"����"����	���;��?�#"� XRD spectra ��� SEM image 
*!�"���
�����	

���"�
�+�**��#5 =� peak ����<�*�������*
�+�*#5 =� 
;�� peaks �;"�*�������*���� 


���	����	
��
�	������� 18 h ����
�����
����;� peak ����*����8%��;"�#��� broad 

�
���;�*� defect 
�+�*��#5 =�  

          TEM image ��� SAED pattern #"� MWNT ��	'���� 26 �
�����
���J5� 

graphitic layer ���*� defect ����
�����"��	��\�� TEM image ������ SAED 

pattern *����*
"����"����	���� (002), (101), (004) ��� (110) #"� carbon 

(hexagonal structure) 
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	'���� 24. SEM image #"� MWNTs (as-grown) ���
��
�	������
��� 6 h 

 

 
	'���� 25. XRD spectra #"� MWNTs (as-grown) ���
��
�	������
��� 1-18 h 

 

 

 

 

 
 

	'���� 26. TEM image ��� SAED pattern #"� MWNT (individual) 
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Vibrational mode 

 

          Raman spectra #"� MWNTs �����	'���� 27 �
�� peaks ��� 1,349, 1,576 ��� 

1,605 cm-1 Y5��*����*
"����"���� D-band (disorder-induced vibrational mode), 

G-band (in-plane carbon stretching mode) ��� shoulder (S) #"� G-band 

(associated with defects) [25] :�*������ �������
��"�:	�
;�� intensity (I) #"� D- 

��� G-bands (ID/IG) ���#"� S- ��� G-bands (IS/IG) �����:�	����� 3  ��� ID/IG *��;�


�+�*#5 =�:�*
�����	
��
�	�������
�+�*#5 =� �:; IS/IG *��;�
�!"���
�+*  
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